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MinireviewA Ribonucleolytic Rat
Torpedoes RNA Polymerase II
of the cut is unstable, and exciting new evidence links
its degradation to pol II termination.
It was discovered over 20 years ago that the poly(A)
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consensus sequence is also essential for triggering ter-at Fitzsimons
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that termination does not occur until pol II has reached
the end of the gene. However, the mechanism by which
a poly(A) site can elicit termination much further down-
Three recent papers reveal a fascinating link between stream has puzzled biologists for two decades. Ideas
pol II termination and ribonucleolytic decay of the na- about how this trick is performed have fallen into two
scent transcript by a 5-3 exonuclease (yeast Rat1 classes: the “torpedo” model and the “antiterminator”
and human Xrn2). The exonuclease travels with pol II or “allosteric” model (Figure 1). The former asserts that
and gains access to the nascent RNA after endo- poly(A) site cleavage provides an entry site for a 5-3
nucleolytic cleavage at the poly(A) site or at a second exoribonuclease that binds the 5 phosphate of the RNA
cotranscriptional cleavage site (CoTC). It is then fragment downstream of the cut and advances down
thought to track in a 5-3 direction like a guided tor- the nascent RNA toward the polymerase like a guided
pedo that ultimately helps dissociate the RNA poly- torpedo. By analogy with the E. coli termination factor
merase elongation complex. Rho, which tracks along RNA in a 5-3 direction (but
without degrading it) (Nudler and Gottesman, 2002), this
In contrast to the wealth of information that has illumi- hypothetical exonuclease was proposed to chase down
nated how an mRNA chain is initiated by RNA polymer- the polymerase and somehow disrupt the RNA-DNA du-
ase II (pol II), the mechanism of termination at the end plex, thereby triggering termination. In contrast, the allo-
of the gene has remained in the shade. Three papers steric model suggests that termination is achieved by
appearing in Nature (Kim et al., 2004; Teixeira et al., arm twisting in the form of a conformational change or
2004; West et al., 2004) shed a bright new light on the covalent modification of the polymerase. This model
final stages of the transcription cycle. Termination is supposes that, when pol II transcribes past the poly(A)
the step in which RNA polymerase releases the DNA site, it is changed in a way equivalent to loss of an
template and the RNA transcript, which have until then antitermination factor and becomes susceptible to re-
been tightly clamped within its “crab claw” in a complex lease from the DNA. Similarly, Rho-independent termi-
stabilized by an RNA-DNA hybrid. Termination is impor- nation in E. coli was proposed to involve a conforma-
tant for recycling of polymerases and for insulating the tional change induced by contacts between a hairpin in
transcription of a gene from its neighbors. Unlike pol I, the transcript and the flap domain in the polymerase’s
pol III, or prokaryotic RNA polymerases, pol II does not  subunit (Toulokhonov et al., 2001). The new work from
terminate at discrete positions in response to simple the Buratowski, Greenblatt, and Proudfoot labs firmly
signals in the DNA or RNA sequence. This distinction endorses the torpedo model by identifying nuclear 5-3
from other RNA polymerases is probably an adaptation RNA exonucleases important for termination in yeast
that permits pol II to synthesize extraordinarily long pre- and mammals (Kim et al., 2004; Teixeira et al., 2004;
West et al., 2004). The allosteric model is not dead,mRNAs (e.g., the 2 Mb dystrophin transcription unit)
however, and a hybrid strategy employing both a tor-without terminating prematurely at sequences that by
pedo and some arm twisting may be closest to the truthchance resemble terminators.
(Figure 2).The mechanism of pol II termination is intimately cou-
A molecular link between cleavage/polyadenylationpled to the maturation of mRNA 3 ends at the poly(A)
and transcription termination was forged by two keysite. The polymerase usually terminates in an untidy
observations: (1) cleavage/polyadenylation factors arefashion at multiple positions situated hundreds or thou-
required for termination (Birse et al., 1998); and (2) cleav-sands of bases downstream from the poly(A) site. Prior
age/polyadenylation factors bind to pol II via the C-ter-to termination, the transcripts are processed by a two-
minal domain (CTD) (McCracken et al., 1997), a signaturestep reaction. First, the nascent pre-mRNA, still attached
feature of the pol II large subunit. Binding of 3 end pro-to the elongating polymerase, is cut at a unique position
cessing factors to the CTD during transcription permits20–30 bases downstream of a conserved poly(A) site
cotranscriptional cleavage of the nascent pre-mRNA.(AAUAAA in mammals and a related sequence in yeast)
The CTD connection could in principle also provide ain a process carried out by several multisubunit cleav-
conduit for 3mRNAprocessing factors to communicateage/polyadenylation factors with homologous subunits
a termination signal to the polymerase. Consistent within yeast and mammals (CstF, CPSF, CFIm, and CFIIm
this idea, themammalian CTD is required for terminationin mammals and CF1A, CF1B, and CPF in yeast). In the
(McCracken et al., 1997). Several factors required forsecond step, a poly(A) tail is added by poly(A) polymer-
termination by pol II in yeast, including Rna14, Yhh1,ase to the exposed 3 OH on the upstream side of the
Pcf11, and Nrd1, all bind directly to the CTD (Proud-cut (Proudfoot, 2004). The RNA fragment downstream
foot, 2004).
The binding and release of proteins to the pol II CTD
as polymerase traverses a gene is orchestrated in part*Correspondence: david.bentley@uchsc.edu
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Figure 1. Models for Termination by RNA
Polymerase II
(A) The allosteric model. During elongation
within the gene (blue box), pol II is in a highly
processive conformation (green oval) and is
transformed by conformational change or co-
valentmodification into a nonprocessive form
(red octagon) after transcribing through the
poly(A) site (AATAAA). Ser5 (blue P) and Ser2
(red P) phosphorylation of the pol II CTD
(black line) aremarked. (It is not known if CTD
phosphorylation changes downstream of the
poly[A] site.) The RNA transcript is red up-
stream of and blue downstream of the poly(A)
cleavage site (lightening bolt). Dotted blue
line denotes degraded RNA. The 5 cap,
added cotranscriptionally, is shown as a pale
blue hat.
(B) The torpedo model. RNA downstream of
the poly(A) cleavage site (blue line) is digested
by a 5-3 exonuclease Rat1 in yeast and
hXrn2 in humans (blue pacman), which tracks
with pol II throughout the length of the gene.
After poly(A) site cleavage, the exonuclease
torpedo is guided along the RNA to its poly-
merase target and dissociates it from the
DNA template.
by changes in phosphorylation of the heptad repeats at the 3 end by their associationwith cleavage/polyade-
nylation factors and Ser2-phosphorylated pol II, but theythat comprise this domain. These heptads, with the con-
sensus sequence YS2PTS5PS, can be phosphorylated were also spotted at the scene by in vivo crosslinking
and chromatin immunoprecipitation (ChIP). Rtt103 andon serine residues 2 and 5. When pol II starts transcrip-
tion, Ser5 becomes phosphorylated by the TFIIH-asso- Rat1, like cleavage/polyadenylation factors (Licatalosi
et al., 2002), are progressively recruited to the pol IIciated kinase, but these phosphates are lost and Ser2
is phosphorylated as polymerase traverses the first 1–2 elongation complex, with an increase in factor density
between the 5 and 3 ends of the gene (Kim et al., 2004).kb of the gene (Figure 1). Ser2 phosphorylation by Ctk1
in yeast andCdk9 inmetazoans is important for cotrans- The 5-3 distribution of these factors therefore roughly
parallels the distribution of Ser2 phosphates on theCTD.criptional 3 end processing (Ahn et al., 2004). At least
one yeast 3 end processing factor, Pcf11, binds specifi- The presence of Rat1 at the 5 end was surprising be-
cause binding of its partner, Rtt103, to the CTD is inhib-cally to Ser2-phosphorylated CTD heptads (Licatalosi et
al., 2002) via a conserved CTD interaction domain (CID). ited by Ser5-PO4, which occurs at the 5 end. It turns
out that Rat1 can latch on to the elongation complexIn new work, Kim et al. (2004) isolated a novel CID
containing protein from yeast called Rtt103 by virtue independently of both Rtt103 and Ser2 phosphorylation
of the CTD. The molecular contacts Rat1 makes withof its binding to Ser2-PO4 CTD heptads. Intriguingly,
proteomic analysis showed that Rtt103 copurified with the elongation complex are therefore still mysterious. It
is also not known why Rat1 and 3 end processing fac-cleavage/polyadenylation factors (CF1A and CPF) and
the 5-3 exonuclease Rat1 with its partner, Rai1. Rat1 tors are present at the 5 ends of genes when at first
glance they have no business being there (Calvo andhas a strong preference for single-stranded RNA; it re-
quires a 5 monophosphate and is inhibited by RNA Manley, 2003). Kim et al. (2004) speculate that Rat1
could serve a “quality control” function by degradingsecondary structure. Rat1 belongs to a family with a
conserved exonuclease domain that includes two hu- transcripts that failed to receive a 5 cap, providing the
endwere trimmed to amonophosphate. A similar qualityman proteins, hXrn1 and hXrn2. It is the only known
nuclear 5-3 RNA exonuclease in yeast. A related exo- control function has been suggested for the exosome,
a complex of 3-5 RNA exonucleases, which has alsonuclease, Xrn1, is responsible for 5-3mRNA degrada-
tion in the cytoplasm, and the essential function(s) of been found on transcribed genes (Andrulis et al., 2002).
Most importantly, Kim et al. (2004) found that, whenRat1 can be supplied by Xrn1 if it is targeted to the
nucleus (Johnson, 1997). Rat1 was originally identified Rat1 was inactivated in the ts rat1-1mutant, pol II failed
to terminate properly and ran several kilobases beyondas a conditional mutant that caused accumulation of
poly(A)  RNA in the nucleus, consistent with a role in the poly(A) site, as determined by pol II ChIP. A similar
termination defect was caused by deletion of Rai1 butmRNA export. Rat1 also trims rRNA 5 ends and medi-
ates a nuclear 5 to 3 mRNA decay pathway. Rat1 was not Rtt103. Independently, West et al. (2004) reported
that RNAi depletion of the human homolog of Rat1,predicted to degrade mRNA transcripts downstream of
the poly(A) cleavage site (Johnson, 1997), and the two hXrn2, inhibits termination of transcription using nuclear
runon transcription and pol II ChIP assays. The termina-new reports support this suggestion (Kim et al., 2004;
West et al., 2004). tion defect in rat1-1 was rescued by wild-type Rat1
but not by a point mutant in the exonuclease domain,Not only were Rtt103 and Rat1 implicated in affairs
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Figure 2. A Hybrid of the Torpedo and Allo-
steric Models
It is proposed that the exonuclease cooper-
ateswith an unknown helicase and/or alloste-
ric modulator of the polymerase, converting
it from processive to nonprocessive form, ul-
timately disrupting the RNA-DNA hybrid and
releasing the polymerase. Symbols and color
coding as in Figure 1.
strongly suggesting that exonuclease activity is required site-dependent termination has been reconstituted
in vitro and in vivo without any need for natural 3 flank-for termination. Together, these two reports make a
compelling case that RNA 5-3 exonucleases are impor- ing region sequences (Orozco et al., 2002). In apparent
contrast to these results, Dye andProudfoot (2001) iden-tant termination factors, as predicted by the torpedo
model. The most obvious substrate for Rat1 and hXrn2 tified a sequence necessary for termination that lies
825–1630 bases downstream of the human -globinis the 5 end of the RNA exposed by cleavage at the
poly(A) site. Consistent with this idea, the level of RNA gene poly(A) site. This unusual CoTC sequence com-
prises at least two nonoverlapping elements (region 8,transcripts of sequences downstream from the poly(A)
site increasedwhenRat1was inactivated or hXrn2 activ- bases 1–110, and region 10, bases 558–806), each capa-
ble of strongly enhancing termination in a nuclear runonity was reduced. These experiments did not distinguish
RNAs attached to pol II from those that have been re- assay (Dye and Proudfoot, 2001).
Teixeira et al. (2004) have now shown that one of theleased. Thus, the question of whether Rat1/hXrn2 de-
grades RNA cotranscriptionally is not completely re- CoTC elements (region 8) has self-destructive tenden-
cies. When incubated with Mg2 and GTP, this RNAsolved. This caveat notwithstanding, the most likely
scenario is that the exonuclease activities of Rat1 and undergoes a quite specific initial endonucleolytic cleav-
age to yield unstable products that disappear with ahXrn2 carry out cotranscriptional 5-3 degradation of
nascent RNAs downstream of the poly(A) cleavage site half-life of about 40 min. The autocatalytic cleavage
yields a 5 phosphate and is therefore a potential entryand induce termination as predicted for the torpedo.
One exception that may turn out to prove the rule is site for hXrn2, however the extensive secondary struc-
ture in this region may inhibit exonuclease activity. Mu-found in an unusual arrangement of genes that occurs
in C. elegans. About 15% of genes in the worm lie in tation of the initial cleavage site in this ribozyme stabi-
lizes the RNA and, when introduced into a reporter gene,operons with several genes in a single transcription unit
punctuated by poly(A) sites. What prevents termination inhibits termination in a nuclear runon assay. The intrigu-
ing implication is that autocatalytic cleavage and RNAof transcription downstream of poly(A) sites within an
operon? Liu et al. (2003) found evidence for a 5-3 exo- degradation at CoTC, downstream of the poly(A) site,
are involved in termination. This idea requires that thenuclease activity, likely to be Rat1, that degrades RNA
downstream of the poly(A) site. An RNA binding protein, rate of the autocatalytic reaction in vivo is considerably
faster than in vitro to coordinate with a pol II elongationprobably CstF, binds theRNAdownstreamof the poly(A)
cleavage site and blocks the 5-3 progress of this exo- rate of about 2000 bases/min. Howpoly(A) site-indepen-
dent autocatalytic cleavage at CoTC can contribute tonuclease. Downstream RNA is thereby rescued from
degradation and can serve as the acceptor for a trans- termination that is poly(A) site dependent remains a
challenge for future investigation. The second “termina-splicing reaction that defines the 5 end of the mRNA
for the next gene in the operon. tor” element in the 3 portion of the CoTC (region 10
[Dye and Proudfoot, 2001]) was not capable of initiatingAt the human -globin gene, degradation by hXrn2
appears not to be the only way of destroying RNA 3 self-destruction and therefore presumably works by a
different mechanism.of the poly(A) site cut. Transcripts downstream of the
poly(A) site were much less abundant than those up- One note of caution is that, in principle, a self-destruc-
tive transcript could complicate the interpretation of thestream, whether or not hXrn2 was depleted (West et al.,
2004). New work has revealed a surprising mechanism nuclear runon assay. This assay detects termination by
measuring the amount of radioactiveRNAmadeby poly-for the disappearance of this RNA, based on investiga-
tion of a terminator element in the 3 flanking region merases engaged at different points along theDNA tem-
plate. A low runon signal may signify that polymerasecalled the CoTC, for cotranscriptional cleavage (Teixeira
et al., 2004). The importance of specific 3 flanking region has terminated or, alternatively, that its attached tran-
scripts have beencotranscriptionally destroyed.Currentsequence elements in poly(A) site-dependent termina-
tion is still debated. Termination by E. coliRNA polymer- information indicates that the rate of CoTC cleavage is
slow enough not to have a major effect on the runonase is obligatorily preceded by a pause in elongation
(Nudler and Gottesman, 2002), and the same is almost results. It remains to be seen whether self-destructive
RNA elements are a general feature of termination re-certainly true for pol II. Pausing is influenced by the local
sequence environment, but the sequence requirements gions. So far, CoTC-like elements have only been identi-
fied in the flanking regions of primate -globin genes.for a pause may be quite nonspecific. Indeed, poly(A)
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Kim, M., Krogan, N., Vasiljeva, L., Rando, O., Nedea, E., Greenblatt,The new results provide compelling evidence that
J., and Buratowski, S. (2004). Nature 432, 517–522.Rat1 and hXrn2 are in fact torpedoes, but are they the
Licatalosi, D.D., Geiger, G., Minet, M., Schroeder, S., Cilli, K., McNeil,only way to stop pol II? Several previous studies docu-
J.B., and Bentley, D.L. (2002). Mol. Cell 9, 1101–1111.ment poly(A)-dependent termination in yeast and meta-
Liu, M., Xie, Z., and Price, D.H. (1998). J. Biol. Chem. 273, 25541–zoans without prior RNA cleavage (e.g., Osheim et al.
25544.
[1999], He et al. [2003]), contrary to the torpedo scenario.
Liu, Y., Kuersten, S., Huang, T., Larsen, A., MacMorris, M., andIn these cases, it remains possible that Rat1 contributes
Blumenthal, T. (2003). RNA 9, 677–687.
to termination without digesting RNA, perhaps through
McCracken, S., Fong, N., Yankulov, K., Ballantyne, S., Pan, G.H.,
interactions with Rtt103, Rai1, and cleavage/polyade- Greenblatt, J., Patterson, S.D.,Wickens,M., andBentley, D.L. (1997).
nylation factors. One might predict that inhibiting termi- Nature 385, 357–361.
nation would tie up polymerase, thereby preventing it Nudler, E., and Gottesman, M.E. (2002). Genes Cells 7, 755–768.
from recycling, so that new rounds of transcription could Orozco, I.J., Kim, S.J., and Martinson, H.G. (2002). J. Biol. Chem.
not be initiated. There is little evidence that this is the 23, 23.
case when Rat1 or hXrn2 is inhibited, based on pol II Osheim, Y.N., Proudfoot, N.J., and Beyer, A.L. (1999). Mol. Cell 3,
ChIP and runon transcription signals at the 5 ends of 379–387.
genes (Kim et al., 2004; West et al., 2004). Perhaps a Proudfoot, N. (2004). Curr. Opin. Cell Biol. 16, 272–278.
back-up mechanism, like that operated by Mfd on Teixeira, A., Tahiri-Alaoui, A., West, W., Thomas, B., Ramadass, A.,
Martianov, I., Dye, M.J., James, W., Proudfoot, N., and Akoulitchev,stalled E. coli RNA polymerase, works to recycle pol II,
A. (2004). Nature 432, 526–530.albeit less efficiently, when normal termination fails.
Toulokhonov, I., Artsimovitch, I., and Landick, R. (2001). ScienceIs the RNA exonuclease activity of Rat1 and hXrn2
292, 730–733.sufficient to kick pol II off the DNA, or is some other
West, J., Gromak, N., and Proudfoot, N. (2004). Nature 432, 522–525.activity also required?TwoE. coliproteins, RhoandMfd,
which sneak up behind RNA polymerase and induce
termination, bothwork asATP-dependent helicases that
displace the RNA in the active site disrupting the RNA-
DNA duplex (Nudler and Gottesman, 2002). About 17
bases of RNA are sequestered within the pol II active
site and RNA exit channel. Pol II ternary complexes that
have been treated with RNases to destroy all exposed
RNA are stable and remain capable of extending the
transcript (Gu et al., 1996). In fact, only eight bases
of RNA are sufficient for elongation complex stability.
Based on these considerations, it seems unlikely that
the exonuclease activity of Rat1/hXrn2 acts alone to
cause termination. Perhaps Rat1/hXrn2 can perform
other tricks in addition to chewing RNA, or maybe they
collaborate with additional factors to bring about termi-
nation (Figure 2). Candidate factors might include heli-
cases such as factor2/lodestar, which can disrupt ter-
nary complexes (Liu et al., 1998). Rat1/hXrn2 might also
contact pol II directly or attract a separate allosteric
modulator(s) that reduces polymerase processivity. In
summary, the exonuclease torpedoes are vital new
weapons in the arsenal of termination factors, but they
alone are probably not sufficient to sink an elongating
polymerase. An exciting challenge for the future will be
to identify at the molecular level how Rat1/hXrn2 and
their collaborators evict pol II from its template.
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